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INTRODUCTION
This article is one of a series in which the non-covalent interactions of the simple Lewis bases H2O and H2S with various Lewis acids has been investigated by means of rotational spectroscopy. Initially, the Lewis acids were chosen to be the hydrogen halides HX (X = F, Cl, Br or I), thereby leading to the hydrogen bond in complexes H2O HX 1-5 and H2SHX [6] [7] [8] [9] [10] as the non-covalent interaction. Later, halogen bonds were characterised by using homo-and hetero-nuclear dihalogen molecules X2 or XY (X or Y = F, Cl, Br or I) as the Lewis acids in complexes H2O XY [11] [12] [13] [14] [15] [16] [17] and H2SXY [18] [19] [20] [21] [22] [23] . More recently, it has been possible to generate coinage metal monohalides MX (M = Cu or Ag; X =F, Cl or I) in the gas phase by laser-ablation techniques and thereby to observe the rotational spectra of complexes H2OMX (X = F or Cl) [24] [25] [26] and H2SMX (X =Cl or I) 24, 27, 28 in which MX is the Lewis acid.
The Lewis bases H2O and H2S played a central role in establishing a set of rules [29] [30] [31] [32] for predicting the angular geometries of hydrogen-and halogen-bonded complexes. These rules state that the angular geometries of hydrogen-bonded complexes BHX or halogen-bonded complexes BXY in the gas phase can be predicted by assuming that, in the equilibrium conformation, the internuclear axis of the HX or XY molecule lies (1) along the axis of a non-bonding electron pair (n-pair) carried by B, or (2) along the local symmetry axis of a π bonding orbital, if B carries no n-pairs, or (3) if B carries both n-and π-pairs, rule (1) takes precedence.
All H2O HX, H2SHX, H2O XY and H2SXY complexes so far investigated have been shown to have an equilibrium geometry of the general type shown in Figure 1 , that is a conformation of Cs symmetry, in which HX (or XY) forms a hydrogen bond (or halogen bond) to either O or S and lies along the axis of one of the n-pairs carried by O or S. There is, however, a significant difference between the H2O complexes and the H2S complexes, as revealed by the one-dimensional potential energy (PE) as a function of the angle ϕ (see Figure 1 for definition of ϕ).
Typical one-dimensional PE functions, with vibrational energy levels, for such complexes, are shown in Figure 2 . Figure 2 (a) refers to H2O HCl while Figure 2 (b) applies to H2SHCl. The level of theory (MP2/cc-pVDZ) and the method of calculating energy levels used in each case are described in detail in ref. 3 . Both functions are of the double-minimum type and both have a potential energy barrier at the C2v, planar conformation (angle ϕ = 0°). A well-known property of such PE functions is that as the energy barrier increases from zero, the vibrational energy levels associated with the motion described by ϕ begin to draw together in inversion pairs. In the limit of a very high barrier, the inversion splitting in the lower pairs of levels becomes negligibly small. The main difference between the two types of function shown in Figure 2 is that in (a) there is a low potential energy barrier and a large separation of the lowest inversion pair while in (b) the barrier is higher and wider, leading to an almost complete quenching in the inversion motion in the lowest vibrational state. Those complexes of the type H2OHX and H2OXY for which PE functions have been calculated 1, 3, 12, [14] [15] [16] [17] 25, 26, 32, 33 exhibit similar general characteristics (low barrier, large inversion splittings, small angles ϕe) to that shown in Figure 2 (a), with the shape and barrier height relatively insensitive to the level of theory used in the ab initio calculations. Likewise, H2SHX and H2SXY complexes 20, 32, 33 have PE functions with properties similar to those of the function shown in Figure 2 (b) (high barriers, very small inversion splittings, large equilibrium angle ϕe) independently of level of theory used. As a result, most H2SHX and H2SXY are permanently pyramidal (Cs symmetry) in the two lowest energy vibrational levels =0 and 1 (the only levels populated in the low-temperature spectroscopy described here), with a negligibly small rate of inversion relative to the observation time for rotational spectroscopy. (Exceptions are H2SHI 10 and H2SF2 18 , which, although still steeply pyramidal exhibit, some evidence of a slightly higher inversion rate). On the other hand, for H2O HX and H2O XY complexes, inversion doubling is large and only the lowest vibrational level is populated. The vibrational wavefunctions therefore have C2v symmetry and the H2O complexes are effectively planar but, importantly in connection with the rules, the equilibrium geometry is non-planar (ϕe > 0). As will be discussed later, the two types of PE function shown in Figure 2 have consequences for the appearance of the rotational spectra 34 The experimental values of ϕ for all H2SHX 6-10 and H2SXY [18] [19] [20] [21] [22] [23] complexes so far investigated are ≈ 90°, while for all H2OHX 1-5 and H2OXY [11] [12] [13] [14] [15] [16] [17] complexes ϕ ≈ 50°. These results are consistent with the rules, given the electronic models of H2S and H2O familiar to chemists 30, 33 , namely having angles between the two n-pair axes of 180° and 109.5° (the tetrahedral angle), respectively. The fact that H2SCuCl and H2SAgCl 27 have been shown to be non-inverting in the lowest vibrational state with ϕ ≈ 80° while H2OCuCl, H2OAgCl [25] and H2OAgF [26] are effectively planar with ϕ ≈ 50° in the zero-point energy state suggests that the rules for angular geometries also apply to coinage metal complexes BMX in which the metal monohalide acts as the Lewis acid. We present in this article the results of investigating the ground-state rotational spectra of the family of three complexes H2SCuI, H2SAgI and H2SAuI. The aims of this work were (1) to discover whether complexes H2SMI exhibited angular geometries in the zero-point state similar to those of H2SHX, H2SXY and H2SMX referred to earlier, that is non-inverting, pyramidal angular geometries having φ ≈ 80°, and (2) to discover whether any significant changes in the geometry of H2SMI result from changing the metal atom from Cu to Ag to Au.
II. EXPERIMENTAL
The instruments and methods employed have been described in detail previously. 35, 36 The generation of molecular complexes is achieved by laser-vaporising material from a solid target such that it becomes entrained in a gaseous sample undergoing supersonic expansion. For all the experiments described herein, the prepared sample contained a low concentration of CF3I (≈ 1 %) in argon at a pressure of 6 bar. The gas sample also includes a low concentration (≈2%) of H2S, D2S or a H2S/D2S mixture as necessary to allow measurement of the spectra of isotopologues containing H2S···MI, D2S···MI and HDS···MI. Either pure metal rods (for Cu or Ag) or gold foil wrapped around a glass rod were used as laser vaporisation targets as appropriate to the metal complex studied. The frequency doubled output of a Nd:YAG laser (532 nm, 10 mJ pulse 1 , 10 ns duration) is focussed on the target which is continually rotated and translated to ensure fresh surface material is exposed to each laser pulse.
An arbitrary waveform generator (AWG) is used to supply a chirped microwave pulse that sweeps from 0.5-12 GHz over a duration of 1 µs. This chirped pulse passes through a 12.2 GHz low-pass filter and is mixed against the filtered output of a phase-locked dielectric resonant oscillator (PDRO) that supplies a 19.00 GHz signal. The AWG and PDRO are each phase-locked to a 10 MHz frequency accurate to 1 part in 10 11 . The output after mixing passes through a 7-18.5 GHz bandpass filter and is amplified prior to irradiation of the molecular sample. The data presented herein were acquired using a 300W travelling wave tube amplifier. The microwave frequency sweep is introduced perpendicular to the propagation direction of the expanding gas via a microwave horn. The molecular emission signal (free induction decay, or FID, of the polarisation) is detected by a second horn antenna and amplified by a low noise amplifier. The FID is mixed down against the 19.00 GHz reference signal supplied by the PDRO and then passes through a 12.5 GHz low-pass filtered before detection. Each FID is measured over a 20 µs period following each chirped polarisation pulse. A fast digital oscilloscope is phase-locked to the same 10 MHz external frequency reference used by the PDRO and AWG and used to digitise the molecular FID. The above sequence of microwave polarisation pulse, detection and recording of FID is repeated eight times following each individual nozzle (i.e. gas sample introduction) pulse to maximise the duty cycle of the spectrometer.
In order to record the spectrum of D2S··· 63 CuI during this study, 697k FIDs (acquired from 87k valve pulses and requiring 23 hours of real time). FID's are averaged in the time domain before Fourier transforming to yield the frequency domain spectrum spanning from 7 to 18.5 GHz. After application of a Kaiser-Bessel window function, all observed transitions have a full width at half maximum (FWHM) of 150 kHz.
III. AB INITIO CALCULATIONS
Structure optimisations and counterpoise corrected dissociation energies were calculated using the MOLPRO 37 package at the CCSD(T)(F12*) 38 level of theory, a coupled-cluster method with single and double excitations, a perturbative treatment of triple excitations 39 and explicit correlation. 40 . Only valence electrons are included in the correlation treatment. A basis set combination consisting of aug-cc-pVTZ on H, aug-cc-pV(T+d)Z on S, aug-cc-pVTZ-PP on Cu, I and Au atoms was used and will be referred to by AVTZ. The effective core potentials ECP-10-MDF 41, 42 , ECP-28-MDF 43, 44 and ECP-60-MDF 45 were used on Cu, I and Au, respectively, to account for scalar relativistic effects. For the density fitting approximation used to accelerate the CCSD(T)(F12*) calculation, the respective def2-QZVPP 45 basis sets were employed for the MP2 46 and Fock 47 terms. For the complementary auxiliary basis required for the F12 treatment, 48 the def2-TZVPP MP2 density fitting basis sets were used. 49 Force constants were calculated from the second derivative of the energy with respect to the internal coordinates.
IV. RESULTS

A. Determination of Spectroscopic Constants
The preparative method generates a range of molecules and complexes that have been studied previously including CF3I, 35 CF3I···H2S 50 and MI. The spectra 51, 52 of CuI, AgI and AuI have all been measured previously. The initial identification of transitions of H2S···MI was informed by previous studies of H2S···MX which established the Cs geometry shown in Figure 1 as typical for this family. All heavy atoms are located very close to the a inertial axis implying that each H2S···MI complex will have a comparatively high value of A0 and low value of B0C0. The electric dipole moment of each can be expected to be nearly aligned with the a inertial axis implying that a type transitions will be observed. Hence, J′ → J″ transitions separated by regular intervals of B0+C0 were observed and reported during a previous study of H2S···AgI and again during this work. Tentative initial assignments of the spectra of H2S···CuI and H2S···AuI also followed the identification of groups of transitions separated by intervals consistent with the expected values of B0+C0 for each of these complexes. Transitions of H2S···MI are typically less intense than those of CF3I (figure 3) by a factor of 500 and less intense than those of MI by a factor of 10. The spectrum obtained when probing a sample containing CF3I, Cu and H2S is shown in Figure 3 .
Western's PGOPHER [53] was used to fit parameters in the Hamiltonian shown below to the observed transitions of all the complexes studied during this work; that applies to the metal atom is omitted when fitting the spectra of H2S···AgI. The coupling scheme used is F1=J+II and F2=F1+IM. Distinctive features of the spectrum of D2S··· 63 CuI were groups of transitions on either side of the −1 = 0 transitions. Transitions in these groups were readily assigned as having −1 = 1 allowing for the separate determination of the B0 and C0 rotational constants and JK for this isotopologue.
The observation of these transitions having K-1=1 prompted re-measurement of the spectrum of D2S··· 107 AgI, which was recorded with higher sensitivity than achieved during the earlier study. Transitions The observation of a-type, −1 = 1 transitions of the type ( + 1) 1, +1 → 1, and ( + 1) 1, → 1, −1 in this study is curious. In previous studies of similar complexes of the form H2SHX 5-9 , H2SXY [18] [19] [20] [21] [22] [23] and H2SMX right-angled geometry with a high PE barrier to inversion of configuration at S (see Figure 2 ). This results in inversion doubling of only a few kHz in the lowest pair of vibrational states ( (0) = 0 and 1), which is very much less than the separation of the −1 = 1 states from the −1 = 0 state of a given J, as indicated schematically for J = 1 in Figure 4(b) . The indicated red-blue level population transfers shown in Figure   4 (b), for example ( (0) = 1 1,1 → (0) = 0, 1 0,1 ), are not spin forbidden and can occur by collision.
Hence, population from the −1 = 1 states can be transferred to the −1 = 0 state, leading to a population ratio at the end of the expansion appropriate to the usual temperature of ~ 1-2K. Moreover, the rotational constants of the nearly degenerate (0) = 0 and 1 states are so nearly identical that the ( + 1) 0, +1 → 0, transitions in these states are usually unresolved. The spectrum is then identical to that expected of the permanently pyramidal Cs molecule in which the K-1 = 1 transitions are unobservable or greatly weakened.
The extent of population loss depends on the efficiency of the collisional transfer process. Evidently, the efficiency is greater under the conditions used to observe H2SHF (intensity ratio of ≈1:100 for the 21,2→11,1, 21,1→11,0 transitions to the 20,2→10,1 transition) than those used to observe H2SICl, (intensity ratio ≈1:10 or worse for −1 = 1: −1 = 0 of a given J). For other H2SHX complexes, the intensities of the ( + 1) 0, +1 → 0, transitions were smaller than those of H2SHF, so their −1 = 1 counterparts would not be observed if they were lower in intensity by a factor of ≈ 100. Likewise, ratios in the range 1:10 to 1:100 would likely preclude observation of −1 = 1 transitions in all H2SXY (other than XY = ICl) and all H2SMX previously investigated. Exceptions are the very weakly bound H2SHI 10 and H2SF2 18 , for both of which two sets of transitions, very close in frequency but resolved, were observed.
During the present investigation, weak ( + 1) 1, +1 → 1, and ( + 1) 1, → 1, −1 transitions were observed for D2SCuI and D2SAgI in addition to ( + 1) 0, +1 → 0, transitions. The energy separation between the −1 = 1 and −1 = 0 levels of a given J in these very nearly symmetric-top complexes is ∆ ≈ ( − )ℎ. The rotational constant A is estimated to decrease from 147 GHz in H2SCuI to 75 GHz in D2SCuI, so the energy separation ∆ is approximately halved. Under a given set of experimental conditions, the population of −1 = 1 rotational levels might therefore be greater initially in D2SCuI than in H2SCuI. If collisional transfer from a −1 = 1 to a −1 = 0 level of a given J has the same probability per collision for both isotopologues, the population loss from −1 = 1 should be similar for both during the expansion process. Since the initial population is greater for D2SCuI than H2SCuI, the former should emerge with a greater −1 = 1 level population. This is a possible mechanism leading to an observable intensity of the −1 = 1 transitions in D2SCuI.
B. Molecular Geometry
Structural parameters were fitted to the measured spectroscopic constants using Kisiel's least squares fitting program, STRFIT, 56 in order to obtain ground state experimental (r0) structures for each complex. There is only one naturally-abundant isotope of each of gold, iodine and sulfur. It is therefore necessary to make various assumptions during the fitting of structural parameters. It is assumed that the r0 geometry of isolated H2S does not change on formation of the complex. This assumption is sufficient to allow r(M···I), r(M···S) and ϕ (the angle formed from the intersection of the C2 axis of H2S and the S···MI backbone) to be fitted for H2S···CuI and H2S···AgI. Fitting of the r(M···S) distance of H2S···AuI requires the further assumption that the AuI distance is equal to a value obtained by correcting the ab initio calculated e value for the difference between the experimental and values of 0 and e in AuI. The geometry of H2S···AgI was the subject of a previous work 28 however the measurement of B0C0 provided herein now allows a more reliable geometry to be provided for this complex. The structural parameters for all three molecules and bond lengths of the isolated metal halides are presented in tables 4 and 5.
It is known that relativistic effects in gold reverse the periodic trends of many molecular properties progressing down group 11. 57 Bond lengths generally increase when a copper atom is replaced by silver but then decrease when silver is replaced by gold. Whilst the decrease of re(MI) when replacing silver for gold is modest, the observed decreases in r(SM) and ϕ are greater. The trend in the experimentally-determined quantities is reproduced in the calculated results. Although the experimental data is analysed to obtain an r0 result while the ab initio calculation yields an re quantity, the experimental and calculated results are in very good agreement for H2S···CuI and H2S···AgI. The experimental and calculated results for r(SAu) of H2S···AuI are less consistent, perhaps because core-valence correlation was not taken into consideration (vide infra) which may have affected the experimental r0(AuS) value as it was necessary to assume r(AuI) in order to determine r0(AuS).
Contributions to the calculated ab initio geometry of AuI were discussed in detail in a previous work. 58 It was shown that extrapolation beyond CCSD(T)(F12*)/AVTZ to the basis set limit does not yield a significant change in the r(AuI) distance calculated for free AuI. However, the inclusion of core-valence correlation reduces this bond length by 0.014 Å. At the level of the calculations employed herein, the low level treatment of relativity employed will contribute to differences between the experimentally-determined and ab initio calculated results for r(AuI) and r(SAu) of H2S···AuI. Uncertainty also arises in the experimentally-determined geometry of H2S···AuI because of the limited number of isotopic substitutions possible for this molecule. The values of r(AuI) and φ provided in Table 5 are determined under the assumption of an r0(AuI) bond distance as described above. Where both r0(AuI) and ϕ are assumed (as 2.5191 Å and 73.6 respectively), the fitted result for r(SAu) is 2.2595(5) Å. Evidently, this bond distance is dependent on the choice of parameters to be fitted and the residuals quoted alongside parameters in Table   5 are underestimated.
C. Force Constants
The experimentally-determined force constants are calculated by applying a model 59 
where m1 and m2 are the masses of the halogen and metal atoms respectively. The principal axis coordinates of the halogen and metal atoms are a1 and a2 respectively. This model does not strictly apply to complexes of Cs symmetry but may be expected to give good results because of the near-prolate symmetry and bonds between the heavy atoms which are close to coincident with the a-inertial axis. This model allows the calculation of either F11 or F22 provided the other is known by assuming the cross term, F12, is negligible.
Even where neither parameter is accurately known, a good estimate of one will allow an approximate value and uncertainty limits to be assigned to the other. In order to estimate F22 for H2S···CuI, H2S···AgI and H2S···AuI, F11 for each complex is assumed equal to that of the isolated metal halide diatomic and the r0 values of geometrical parameters are used to determine the principal axis coordinates.
These experimentally determined values of F11 and F22 are shown in Table 6 along with values obtained from ab initio calculations. The ab initio results for F11 are very similar to k for the free MI molecules, in similarity with previous works on B···MX complexes. The calculations suggest that F11 and for H2S···AuI is presented in Figure 5 . Where F11  F22, as is the case for H2S···AuI, any change in the assumed value of F11 implies a very significant change in the determined value of F22. For the copper and silver species we repeat the assumption that F11 is equal to FMI for the respective, isolated metal halides. 
Values of
D. Ionicities
The measured nuclear quadrupole coupling constants of iodine, χaa(I), allow for calculation of the ionicity (ic in 
V. CONCLUSIONS
It has been shown that isolated complexes where H2S is bound to MI (where M= Cu, Ag, Au) can be generated in the gas phase through laser ablation of a metal rod in the presence of a low concentration of CF3I in an argon buffer gas undergoing supersonic expansion. The resulting complexes adopt model geometries analogous to those previously identified for H2S···CuCl and H2S···AgCl, each having a Cs geometry in which all heavy atoms lie on the same axis which is nearly collinear with the inertial a axis. Geometrical changes seen in OC···MX on progressing from Cu > Ag > Au have been discussed previously.
The changes observed on substitution of the metal atom during this work are analogous to those observed previously for OC···MX and are also a result of relativistic effects.
It is apparent that the values of ϕ determined for H2S···AgI and H2S···CuI are very similar to those previously identified for the analogous H2S···MCl complexes. Geometrical parameters of selected hydrogen-and halogen-bonded complexes are given alongside details of the complexes studied during this work in Table 8 . The values of r(IS) and r(BrS), respectively of H2S···ICl and H2S···BrCl, are each longer than r(SM) of the H2S···MX complexes studied herein. The angle, ϕ , is significantly greater in H2S···ICl, H2S···BrCl and H2S···HCl than in H2S···MX, consistent with a bond between B and MX of each metal-containing complex which is significantly stronger than a hydrogen-or halogen bond.
Additional evidence for a strong bond between each metal iodide and H2S is apparent in the experimentallydetermined force constants (F 22 ) and in the dissociation energies, De, calculated ab initio for H2S···MX  H2S + MX. The dissociation energies are in the order Au > Cu > Ag, mirroring the trend in the force constants, with De = 140 kJ mol 1 for H2S···AuI. 
